18 Abstract 19 Alpha herpesviruses naturally infect the peripheral nervous system, and can 20 spread to the central nervous system causing severe deadly or debilitating 21 disease. Because alpha herpesviruses spread along synaptic circuits, and 22 infected neurons exhibit altered electrophysiology and increased spontaneous 23 firing, we hypothesized that alpha herpesviruses use activity-dependent synaptic 24 vesicle-like regulated secretory mechanisms for egress and spread from 25 neurons. To address this hypothesis, we used a compartmentalized primary 26 neuron culture system to measure egress and spread of pseudorabies virus 27 (PRV), pharmacological and optogenetics approaches to modulate neuronal 28 firing activity, and a live-cell fluorescence microscopy assay to directly visualize 29 the exocytosis of individual virus particles from infected neurons. Using 30 tetrodotoxin to silence neuronal activity, we observed no inhibition of virus 31 spread, and using potassium chloride or optogenetics to elevate neuronal 32 activity, we also show no increase in virus spread. Using a live-cell fluorescence 33 microscopy method to directly measure virus egress from infected neurons, we 34 observed no association between virus particle exocytosis and intracellular Ca 2+ 35 signaling. Finally, we observed virus particle exocytosis occurs in association 36 with constitutive secretory Rab GTPases, Rab6a and Rab8a, not Rab proteins 37 that are associated with the Ca 2+ -regulated secretory pathway in neurons, Rab3a 38 and Rab11a. Therefore, we conclude that alpha herpesvirus egress and spread 39 is independent of neuronal activity and Ca 2+ signaling because virus particle 40 exocytosis uses constitutive secretory mechanisms in neurons. 79 8]. Using PRV reverse genetics, the Enquist laboratory previously showed that 80 two viral membrane proteins are required for elevated spontaneous activity of 81 neurons in vitro and in vivo: 1) membrane glycoprotein gB is part of the core 82 fusion complex that mediates membrane fusion during viral entry and cell-cell 83 fusion leading to syncytia; 2) membrane protein US9 (together with glycoproteins 84 gE and gI) is required for vesicular transport of PRV particles and glycoproteins 85 into the axon of neurons. These findings lead to a model where viral membrane 86 fusion proteins are transported into the axons of infected neurons, form fusion 87 pores between adjacent non-myelinated axons, and cause the neurons to 88 become electrically coupled. This leads to elevated and synchronous activity 89 propagating through the network [10, 11] .
90
Constitutive 143 sensor GCaMP3, and monitored their Ca 2+ -dependent fluorescence between 9-144 11 (hpi), in the presence or absence of these drugs. TTX (4 M) was added 145 beginning at 4 hpi, and KCl (55 mM) was perfused in pulses beginning at 6 hpi. 167 20 min. beginning at 10 hpi ( Fig 2B-C) . We also performed plaque assays 168 measuring virus titer in the neurite compartment ( Fig 2D) . The first fluorescent 169 capsid protein (mRFP-VP26) expression was detected by 16 hpi in all conditions 170 ( Fig 2B) , and we did not observe any differences in the kinetics of spread over 171 time ( Fig 2C) . TTX treatment had no effect on virus titer in the neurite 172 compartment at 17 or 24 hpi, and KCl treatment caused an ~1 log reduction in 173 neurite compartment titer at 17 hpi.
174
175 Neuronal activity does not promote PRV spread from neuron to neuron.
176 To determine whether neuronal activity affects spread of PRV from neuron to 177 neuron, we prepared tri-chamber cultures with SCG neurons as recipient cells.
178 We first cultured SCG neurons in the left soma compartment of Campenot tri-179 chambers for 3 weeks, to allow axon extension into the right neurite 180 compartment. We then seeded additional freshly-prepared SCG neurons onto 181 the axons in the neurite compartment and maintained these cultures for an 182 additional 1 week ( Fig 3A) . The Banker laboratory previously described such 188 To ensure that newly-added recipient SCG neurons cannot extend axons though 189 the chamber barriers into the left soma chamber within 1 week, we added the 190 lipophilic far-red fluorescent dye DiD to the left soma chamber ( Fig 3B-C) . Any 191 recipient SCG neurons that had extended axons into the soma chamber would 215 method, we first plated SCG neurons on a multi-electrode array, transduced 216 these neurons with an AAV vector to express ChR2-mCherry ( Fig 4A-B) , and 217 performed extracellular recordings of their spontaneous and light-evoked spiking 218 activity ( Fig 4C) . Greater than 80% of neuronal cell bodies expressed ChR2-219 mCherry red fluorescence ( Fig 4A-B) . Without blue light stimulus, neurons 220 exhibited an average spontaneous spiking frequency of 4 Hz. Neurons were then 221 exposed to blue light pulsed at approximately 12 Hz. With blue light stimulation, 222 neuron activity was synchronized to the pulsed blue light, with a measured 223 average spiking frequency of 11 Hz. Light stimulation also increased peak-to-224 peak spike amplitude from an average of 70 V to 108 V (Fig 4C-D) .
225 To determine whether optogentically-controlled neuronal activity affects spread of 226 PRV, we prepared tri-chambers with SCG neurons in the left soma chamber, and 227 transduced with an AAV vector to express ChR2-mCherry. We screened neurons 228 by fluorescence microscopy to ensure ChR2-mCherry expression in >80% of 229 cells. At 4 weeks in vitro, we seeded PK15 recipient cells in the right neurite 230 compartment, infected with PRV Becker, and pulsed with blue light beginning at 231 1 hpi ( Fig 4E) . In the experimental condition, where neurons were transduced 232 with ChR2 and pulsed with blue light, neurite compartment titers were slightly 233 less than controls at 17 and 20 hpi, but not significantly different by 24 hpi 234 (p>0.05) ( Fig 4F) . 253 capsid fluorescence, and light particles, categorized based on the absence of 254 mRFP-VP26 ( Fig 5A-B) . Previously, we observed that egress of PRV virions 297 binding by GTP hydrolysis (Fig 5F-I) . Using this method, we found that Rab6a
298 and Rab8a, which mediate constitutive exocytosis of post-Golgi secretory 299 vesicles, are dynamically associated with viral exocytosis (Fig 5F-G) , in 300 agreement with our previous results in non-neuronal cells [14, 15] . In contrast, we 301 previously observed that Rab11a, which mediates trafficking of recycling 302 endosomes, is also associated with viral secretory vesicles in non-neuronal cells;
303 however, we show here that Rab11a does not appear to be associated with virus 304 particle exocytosis in neurons ( Fig 5H) , consistent with the divergent roles of 305 Rab11 proteins in neurons versus non-neuronal cells [19] . Finally, Rab3a, which 306 mediates the trafficking and Ca 2+ -regulated exocytosis of synaptic vesicles in 307 neurons, also does not appear to be associated with virus particle exocytosis (Fig   308 5I) . Altogether, these results are consistent with PRV particles using the 309 constitutive secretory pathway, not Ca 2+ -regulated synaptic vesicle-like secretory 310 mechanisms, even in neurons.
312 Discussion
313 Based on three main lines of evidence, 1) that alpha herpesviruses spread in a 314 synaptic circuit-specific manner in the mammalian nervous system; 2) that alpha 315 herpesvirus proteins and particles associate with synaptic vesicle markers; and,
316 3) that alpha herpesviruses cause an elevated rate of neuronal activity in vitro 317 and in vivo, it has long been suspected that alpha herpesviruses take advantage 318 of synaptic vesicle-like regulated secretory mechanisms in neurons. Here we 319 present four pieces of evidence that contradict this view. Using Campenot tri-320 chambers to measure transneuronal virus spread, and tetrodotoxin to silence 321 neuronal activity, we observed no inhibition of virus spread from primary neurons. 426 pass filtered to remove local field potentials, spikes were identified using a 427 threshold of -30 V, and average spike frequency and peak-to-peak amplitude 428 were measured using MC_Rack software (Multichannel Systems). 
